T (93.5 % similarity), Geosporobacter subterraneus
VNs68
T (93.2 %) and Thermotalea metallivorans B2-1 T (92.3 %). The major cellular fatty acids of strain IRF19 T were C 14 : 0 , iso-C 15 : 0 and C 16 : 0 , and the profile was distinct from those of the closely related species. The major respiratory quinone of strain IRF19 T was menaquinone MK-5 (V-H 2 ). The main polar lipids were diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, an unknown phospholipid and two unknown polar lipids. The G+C content of the genomic DNA of strain IRF19 T was determined to be 37.4 mol%. On the basis of phenotypic, chemotaxonomic and phylogenetic results, strain IRF19 T is considered to represent a novel species of a novel genus of the family Clostridiaceae, for which we propose the name Anaerosolibacter carboniphilus gen. nov., sp. nov., with the type strain IRF19 T (5KCTC Iron-reducing bacteria are widespread in anoxic environments and are actively involved in biogeochemical carbon cycles (Islam et al., 2004; Lovley et al., 2004; Weber et al., 2006) . Iron reduction is considered to be a key process coupled with the organic matter decompositions under anaerobic conditions (Lovley, 1995; Lovley & Phillips, 1986) . The family Clostridiaceae belonging to the order Clostridiales of the phylum Firmicutes harbours diverse physiological groups, including typical iron-reducing bacteria (Clostridium beijerinckii and Alkaliphilus metalliredigenes) (Weber et al., 2006) , while the family Geobacteraceae of the phylum Proteobacteria is a well-known iron-reducing bacterial clade (Childers et al., 2002; Nevin et al., 2005) . In this study, an iron-reducing bacterial strain from soils contaminated by coal hydrocarbons was enriched and isolated. A novel iron-reducing bacterial species of a novel genus of the family Clostridiaceae obtained from the tailings of an abandoned coal mine was characterized.
Strain IRF19
T was isolated from the contaminated soil of coal mine tail in the Republic of Korea (37 u 109 N 3These authors contributed equally to this work.
The GenBank/EMBL/DDBJ accession number for the 16S rRNA gene sequence of strain IRF19
T is KF601947.
128 u 589 E). The inoculum was collected from subsurface soils using sterile glass bottles. The bottles were filled with the soil to exclude gaseous headspace to minimize oxygen exposure. The soil samples were transported and stored at 4 u C in the dark. For the enrichment culture, the sediment sample was inoculated in 50 ml of sterile basal medium in a 145 ml serum bottle. Enrichment and isolation were performed in the basal medium containing (per litre): 0.1 g CaCl 2 . 2H 2 O, 0.5 g KCl, 0.2 g KH 2 PO 4, 1 g NaCl, 0.5 g NH 4 Cl, 0.4 g MgCl 2 . 6H 2 O, 1 mg resazurin and supplement solutions including 1 ml vitamin solution (Widdel & Bak, 1992) , 1 ml selenite-tungsten solution (Tschech & Pfennig, 1984) , 1 ml trace element mixture (Widdel & Bak, 1992) and 10 mM NaHCO 3 . Ferric citrate (30 mM) and yeast extract (0.1 %) were added to the medium as the electron acceptor and donor, respectively. The medium was purged with O 2 -free N 2 gas for 20 min to remove dissolved oxygen. The serum bottles were sealed with butyl rubber stoppers (Bellco Glass) and capped with aluminium caps. After autoclaving, the filter-sterilized supplement solutions were added to the medium and the pH was adjusted to pH 7.0-7.5 with 1 M NaOH or 1 M HCl. Na 2 S (2 mM) was added as the reducing agent. The enrichment culture was incubated statically for 2 weeks at 30 u C. To obtain isolates by the anaerobic roll tube method, the enrichment culture was mixed with a molten agar (10 %, w/v) medium in a 22 ml serum bottle at 50 u C. After mixing the medium was rapidly solidified in ice. The roll tube culture was incubated at 30 u C for 2 weeks and single colonies were transferred to new roll tubes for isolation of pure strains. Strain purity was confirmed by 16S rRNA gene sequencing and microscopic observation. One of the isolates, designated strain IRF19 T , was selected for further characterization on the basis of the low similarity of 16S rRNA gene sequences (,94 %) between strain IRF19
T and other isolates and type strains in the EzTaxon-e database (http://eztaxone.ezbiocloud.net/) (Kim et al., 2012) . The pure isolates were preserved as glycerol stocks (25 %, v/v).
The chromosomal DNA for 16S rRNA gene sequencing and G+C content assay was extracted by bead-beating and phenol/chloroform-based methods (Zoetendal et al., 1998) . RNA in the total nucleic acid extract was removed by adding RNase (20 units ml 21 ) at 30 u C for 1 h. The 16S rRNA gene sequence of strain IRF19
T was amplified from the chromosomal DNA using the universal bacterial primer set 27F (59-AGAGTTTGATCMTGGCTCAG-39) and 1492R (59-TACGGYTACCTTGTTACGACTT-39) (Lane, 1991) . The purified PCR products were sequenced by using an Applied Biosystems Automatic Sequencer ABI 3730xl using the primer sets 27F, 1492R, 338F and 786R (Lane, 1991; Weisburg et al., 1991) . The 16S rRNA gene sequence was edited and assembled using SeqMan software (DNASTAR) to obtain a partially completed 16S rRNA sequence (1412 bp) of strain IRF19 T . The 16S rRNA gene sequences of related taxa were collected from the GenBank database and aligned using the SILVA program (http://www.arb-silva.de/aligner). The nucleotide similarity values of the 16S rRNA gene sequences were estimated in the EzTaxon-e database. Neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (ML) (Felsenstein, 1981) and minimum-evolution (Nei et al., 1998) methods in the MEGA6 program (Tamura et al., 2013) were used for the reconstruction of the phylogenetic trees. The evolutionary distances were estimated by the Kimura two-parameter model and the bootstrap analysis was performed with 1000 random replicates (Kimura, 1984) . The results of the phylogenetic analysis based on the 16S rRNA sequences indicated that strain IRF19
T represented a member of the family Clostridiaceae and was closely related to the members of the genera Geosporobacter, Thermotalea and Salimesophilobacter (Fig. 1) . Trees reconstructed by the ML method also support the phylogenetic position of strain IRF19 T ( Fig. S1 available in the online Supplementary Material). The highest degree of similarity of the 16S rRNA gene sequence was observed between strain IRF19
T and Salimesophilobacter vulgaris Zn2 T (93.5 %), Geosporobacter subterraneus VNs68 T (93.2 %) and Thermotalea metallivorans B2-1 T (92.3 %).
Cell growth was observed by measuring the OD 600 . Cell morphology and size were determined using phasecontrast microscopy (Eclipse 80i; Nikon) and transmission electron microscopy (EM-109; Carl Zeiss) at the Korea Basic Science Institute (Jeju, Korea). The Gram type was determined using a Gram staining kit (Difco), according to the manufacturer's instructions, and the KOH test (Ryu, 1938) . Cell motility was assayed by the semisolid agar method (0.25 %, w/v) (Shirling & Gottlieb, 1966) . The endospore observation was performed by light microscopy of stationary phase cells with the malachite green staining method (Schaeffer & Fulton, 1933) . Strain IRF19 T was Gram-staining-negative and consisted of straight rodshaped cells that were 0.4-0.6 mm in diameter and 2.0-5.0 mm in length (Fig. 2) . In addition, the cells were motile, flagellated ( Fig. 2) and without endospores.
The optimal growth conditions in terms of pH and temperature were determined. Growth was examined at 4, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 55 u C. The optimal pH test was performed in the medium adjusted to different pH values (pH 4.0-11.0 at intervals of 0.5 pH units) using HCl or NaOH with the appropriate buffers (10 mM) (Kim et al., 2013) . The salinity requirement was tested at NaCl concentrations of 0-10 % (at intervals of 1 %) in the medium. For checking aerobic growth, cells were cultured aerobically in the basal medium with 0.1 % yeast extract. The effect of O 2 concentration in the gas phase for growth of strain IRF19
T was tested using the following gas mixtures (v/v): 100 % N 2 , 99.8 % N 2 +0.2 % O 2 , 99.5 % N 2 +0.5 % O 2 , 99 % N 2 +1 % O 2 , 98 % N 2 +2 % O 2 , 95 % N 2 +5 % O 2 , 90 % N 2 +10 % O 2 and 85 % N 2 +15 % O 2 . Strain IRF19
T did not grow in the presence of oxygen. It was able to grow at temperature of 20-45 u C (optimum 40 u C). The pH range for growth was pH 6.5-10.0 with an optimum pH of 7.5-8.0. These results indicate that strain IRF19
T is mesophilic and neutrophilic. The optimum growth temperature of IRF19
T is similar to that of G. (Table 1) . Strain IRF19 T did not require sodium ions for its growth and the maximum tolerable NaCl concentration was about 2 % (w/v) NaCl.
The substrate utilization of strain IRF19
T was determined using the basal medium containing ferric citrate and potential organic substrates. A minimal amount of yeast extract (0.01 %) was included in the medium as described by Zhang et al. (2013) . Carbon sources at a concentration of 20 mM were used for the test, except for alcohols. Alcohols (methanol, ethanol and propanol) representatives of related genera of the family Clostridiaceae. The tree was reconstructed by neighbour-joining and minimumevolution methods and rooted by using the type strain of Clostridium butyricum as an outgroup. Bootstrap values of .70 % (based on 1000 replicates) are indicated at branch points for the neighbour-joining and minimum-evolution methods. GenBank accession numbers are shown in parentheses. Bar, 0.02 substitutions per nucleotide position. To analyse the reduction of electron acceptors, 30 mM Fe(III) citrate, 0.1 % (w/v) elemental sulfur, 2 mM sodium sulfite, 5 mM sodium thiosulfate, 5 mM sodium sulfate, 2 mM sodium nitrite and 5 mM sodium nitrate were added to the basal media. The respiratory activity was determined by measuring the turbidity of the cultures and the formation of reduced products of the electron acceptors (hydrogen sulfide and ferrous iron) (Lovley & Phillips, 1986; Trüper & Schlegel, 1964) and the disappearance of the electron acceptors (nitrate and nitrite) (Benson, 2002) . In addition to ferric iron, strain IRF19
T could reduce electron acceptors like sulfate, thiosulfate and elemental sulfur during anaerobic respiration. This indicates that strain IRF19
T is versatile in utilizing electron acceptors compared with other closely related strains listed in Table 1 .
The cellular fatty acid contents of strain IRF19
T were analysed using cells in the exponential phase. Cells were grown at 40 u C and harvested at 1 day. Cellular fatty acids were prepared by saponification, methylation and extraction according to the protocol of the Sherlock Microbial Identification System (MIDI, 2001) . The methyl-esterified fatty acids were analysed by gas chromatography (6890N and 7683 autosampler; Agilent Technologies) and identified using the MIDI/Hewlett Packard Microbial Identification System with the BHIBLA library (version 4.0) according to the manufacturer's instructions (Sasser, 1990) . Isoprenyl quinones from the freeze-dried cells of strain IRF19
T and G. subterraneus JCM 14037 T were extracted and analysed by the method described previously (Kim et al., 2010) . Desulfoprunum benzoelyticum KoBa311 T (5KCTC 15441 T ) was used as a reference strain to identify isoprenyl quinones. Polar lipids were extracted, separated using twodimensional TLC and identified as described by Komagata & Suzuki (1988) . The chromosomal DNA G+C content of strain IRF19
T was determined by fluorometric techniques based on real-time PCR (Gonzalez & Saiz-Jimenez, 2002) . The major fatty acids of strain IRF19 T comprised C 14 : 0 (12.9 %), iso-C 15 : 0 (42.9 %) and C 16 : 0 (7.3 %) ( Table 2 ). As shown in Table 2 , the fatty acid composition of strain IRF19
T is significantly different from that of the closely related species. The main polar lipids of strain IRF19 T were phosphatidylethanolamine, diphosphatidylglycerol, Zhang et al. (2013) . Carbohydrate and amino acid utilization tests were performed with Fe(III). +, Positive; 2, negative; ND, no data available. Anaerosolibacter carboniphilus gen. nov., sp. nov.
phosphatidylglycerol, one unknown phospholipid and two unknown polar lipids. The main polar lipids were similar with those of the reference strain G. subterraneus JCM 14037 T (Fig. S2) . The major respiratory quinone of strain IRF19
T was menaquinone MK-5 (V-H 2 ), which is the same as that of G. subterraneus JCM 14037 T . The DNA G+C content of strain IRF19
T was found to be 37.4 mol%. This value is lower than those of G. subterraneus (42.2 mol%) and T. metallivorans (48.0±1.0 mol%) and is similar to that of S. vulgaris (37.0 mol%) ( Table 1) .
The phylogenetic analysis indicates that strain IRF19 T probably belongs to the family Clostridiaceae of the order Clostridiales. Based on the low similarity of 16S rRNA gene sequences (,94 %) between strain IRF19
T and its closest relatives, the members of the genera Geosporobacter, Thermotalea and Salimesophilobacter, strain IRF19
T represents a member of a novel genus. This notion is also strongly supported by the comparison of the phenotypic and chemotaxonomic properties and fatty acid composition of strain IRF19 T , which are distinct from those of its close relatives, as shown in Tables 1 and 2 . On the basis of phylogenetic, phenotypic and chemotaxonomic differences between strain IRF19
T and the other members of the family Clostridiaceae, we suggest that strain IRF19
T represents a novel species of a novel genus and propose the name Anaerosolibacter carboniphilus gen. nov., sp. nov.
Description of Anaerosolibacter gen. nov.
Anaerosolibacter (An.ae.ro.so.li.bac9ter. Gr. pref. an-not; Gr. n. aer aeros air; L. n. solum soil; N.L. masc. n. bacter a rod; N.L. masc. n. Anaerosolibacter rod from anaerobic soil).
Cells are anaerobic, straight rods, motile by means of flagella and Gram-staining-negative. No spores are produced. The major cellular fatty acids are C 14 : 0 , iso-C 15 : 0 and C 16 : 0 . The main polar lipids are diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylglycerol, an unknown phospholipid and two unknown polar lipids. The major respiratory quinone is menaquinone MK-5 (V-H 2 ). Phylogenetic analysis of the 16S rRNA gene sequence indicates that the genus is a member of the family Clostridiaceae and is most closely related to the genera Geosporobacter, Thermotalea and Salimesophilobacter.
The type species is Anaerosolibacter carboniphilus. . Values are percentages of total fatty acids. Fatty acids present at less than 0.5 % in all strains are not shown. Major fatty acids (.5 %) are indicated in bold type. FAME, fatty acid methyl ester; DMA, dimethylactal; ALDE, aldehyde. C 10 : 0 FAME 0.2 0.7 0.6 iso-C 11 : 0 FAME 0.2 0.5 C 12 : 0 FAME 0.4 4.8 1.1 0.4 C 11 : 0 DMA 0.6 iso-C 13 : 0 FAME 3.5 8.0 2.3 C 13 : 1 cis12 FAME/C 14 : 0 ALDE 0.5 1.0 1.0 C 13 : 0 FAME 1.0 0.2 iso-C 15 : 0 ALDE/unknown ECL 13.570 1.5 iso-C 14 : 0 FAME 0.2 1.2 C 14 : 0 FAME 12.9 33.8 18.4 10.5 C 14 : 1 cis7 DMA 0.8 0.1 C 14 : 0 DMA 2.2 4.8 3.1 0.8 iso-C 15 : 0 FAME 42.9 32.6 21.5 anteiso-C 15 : 0 FAME 0.9 0.2 5.2 0.4 Unknown ECL 14.762/C 15 : 2 FAME 0.5 4.2 C 16 : 0 ALDE 1.3 1.6 0.4 0.1 C 15 : 0 FAME 0.6 3.2 0.2 0.6 iso-C 15 : 0 DMA 7.0 4.3 C 15 : 0 DMA/C 14 : 0 3-OH FAME 0.2 1.7 iso-C 16 : 0 FAME C 16 : 1 cis7 FAME 0.5 3.0 0.1 0.3 C 16 : 1 cis9 FAME 2.3 9.9 0.3 18.4 C 16 : 0 FAME 7.3 7.3 1.7 9.4 anteiso-C 15 : 0 3-OH FAME/C 16 : 1 cis7 DMA 0.2 1.6 C 16 : 1 cis9 DMA 1.9 8.9 1.2 C 16 : 0 DMA 5.6 7.9 1.0 iso-C 17 : 0 FAME 1.5 0.3 C 17 : 0 cyc FAME 4.4 C 16 : 0 3-OH FAME 0.3 C 18 : 1 cis9 FAME 0.2 4.6 C 18 : 0 FAME 0.4 0.22 1.0 1.8 are not. The major cellular fatty acids are C 14 : 0 , iso-C 15 : 0 and C 16 : 0 .
Description of
The type strain is IRF19 T (5KCTC 15396 T 5JCM 19988 T ) and was isolated from contaminated soil from a coal mine tail in the Republic of Korea. The DNA G+C content of the type strain is 37.4 mol%.
